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Highlights
 A numerical model was developed with yield approach for waste underground storage.
 The model has been tested against analytical solutions and a field application. 
 A short intermittent injection can lead to an earlier formation breakdown and reduce 
storage capacity.  
Abstract
The underground disposal of drill cuttings waste is a common practice for the gas/oil 
industry to achieve zero-discharge sustainable development. In this study, a numerical 
modeling approach was developed to simulate the slurry flow for underground disposal of drill 
cuttings waste. The modeling approach was coupled with and implemented in the well-known 
general purpose subsurface multiphase flow simulator, TOUGH2. The new modeling approach 
treats the slurry flow behavior in subsurface systems as Bingham plastic liquid, with a linear 
relationship representing the yield stress and the concentration of the gelatinizer in the slurry. 
In addition, the precipitation-dissolution process was taken into account for solid-aqueous 





phase changes of the water-slurry mixture under and over the threshold pressure. The model 
has been verified by the analytical solution of a transient flow of single-phase Bingham fluid, 
and has further been tested by modeling field-scale injection of drill cutting wastes into a multi-
layered geological formation in Texas. A hypothetical model has also been used to conduct 
sensitivity analysis of the impact of slurry density, injection depth and injection pattern on the 
storage formation performance. The results revealed that the effect of injection volume is 
greater than the mass on pressure buildup. In addition, a short period of intermittent reinjection 
can lead to an earlier formation breakdown due to particle sedimentation and reduce the storage 
capacity. The developed model can be used to evaluate the prediction of slurry transport, 
storage capacity, pressure distribution, and the formation breakdown time in a drill cuttings 
waste disposal project.
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Nomenclature
Item Description Unit
cxg concentration of xanthan gum kg/bbl
dv/dy shear rate -
F mass flux kg/(s·m²)
g the vector of acceleration of gravity m/s2
G minimum potential gradient -
h formation thickness m
k permeability 10-12m2
k0  original permeability 10-12m2
kr relative permeability -
M mass per volume kg/m3
n  inward normal vector -
P pressure Pa
Pe effective pressure Pa
Pi initial pressure Pa
q sinks or sources -
r radius m
rwl wellbore radius m
s saturation -
ss solid saturation -





ss(sly.) particle saturation in slurry -
t time s
v1, v2, v3 fitting coefficients for mixture viscosity -
Vn volume of subdomain n m3
X mass fraction -
Xβκ mass fraction of component κ in phase β -
Xsly(aq.) slurry mass fraction in aqueous phase -
Xs(sly.) particle mass fraction in slurry -
Г fractional length of the pore bodies m
Гn boundary of subdomain n -
δ(t) pressure penetration distance m
γ precipitation coefficient -
η apparent viscosity Pa·s
μ viscosity m2/s
μb Bingham plastic viscosity coefficient -
μmix mixture viscosity m2/s
μw water viscosity m2/s
v Darcy velocity; m/s
ρ density kg/m3
ρs density of particles in slurry kg/m3
ρsly slurry density kg/m3
ρw water density kg/m3
ρwl fluid density in the well kg/m3
τ  shear stress Pa
τ0 yield point Pa
 porosity -
f fraction of original porosity at which permeability is reduced to zero -
Superscripts & Subscripts
aq aqueous phase
β phase (aqueous, solid)
e equivalent parameter
i initial parameter













Large amounts of drill cuttings waste (DCW) are generated by the gas/oil industry each 
year. How to dispose of this large amount of waste with limited negative environmental impact 
remains a big challenge to the industry (Bagatin et al., 2014; Shadizadeh et al., 2011). A range 
of practical methods like landfilling, thermal treatment and stabilization / solidification (S/S) 
(Kogbara et al., 2017, 2016) as well as underground storage (e.g., Zha et al., 2018) have been 
employed to dispose of waste over the years. Among these disposal methods, underground 
injection is a cost-effective and environmentally friendly solution for non-hazardous waste, 
especially for the drilling wastes from oil-gas wells (de Almeida et al., 2017). 
Underground injection of DCW technology started in the late 1980s with small volumes 
of drill cuttings slurry using either tubular or annular injections (Abou-Sayed et al., 1989). Prior 
to the injection, the solid waste is ground into suitable sizes (if necessary) and blended with a 
fluid (often seawater, collected stormwater, other fresh water, used drilling mud, or produced 
water) to form a viscous slurry (Veil & Dusseault, 2003). The slurry is then injected into 
underground by pumping, typically through dedicated disposal well or existing wellbores from 
depleted gas/oil fields. Over the years, slurry underground injection (SUI) technology has been 
recognized as a reliable waste management option for eliminating environmental liabilities and 
reducing surface contamination risks among traditional disposal techniques. 
There are typically two types of injection methods for SUI technology, namely sub-
fracture injection and slurry injection. The sub-fracture injection method involves slurry 
injection into underground formations at pressures lower than the formation’s fracture pressure, 
while the slurry injection method applies pressure exceeding the fracture pressure. As the sub-
fracture injection method does not involve fracturing underground formations, it has often been 
used to dispose of the DCW in some environmental safety areas. However, the slurry injection 





injection method involving hydraulic fracturing of underground formations, numerical models 
are often used for site assessments in terms of potential environmental risk of the fracture 
propagation and the underground waste storage capacity. A numerical study suggests that solid 
particles’ concentration is one of the key parameters used to control the fracture growth 
direction due to the change of gravity and slurry viscosity (Yamamoto et al., 2004). In addition, 
potential blockage in both the well and formation by settling of cuttings is one of the major 
risks in SUI technology (Veil & Dusseault, 2003). Solid particle size in the slurry has been 
revealed to be a key factor influencing underground storage capacity. 
The process of slurry flow plays an important role in the slurry storage assessment. Shioya 
et al. (2002) used a solid transport model to depict slurry flow with two phases of flow. 
Yamamoto et al. (2004) further developed the solid transport model by improving the slip 
velocity formula, while accounting for the effect of solid particles on fluid viscosity. Given the 
fact that most slurries are non-Newtonian fluid, mainly plastic fluid and pseudoplastic fluid, 
with various rheological characteristics, it is difficult to represent diverse slurries in different 
injection environments by one general rheological model. It is even more challenging to 
incorporate the complex rheology of various slurries, the interaction between the slurry and the 
fluid flow in subsurface formations, into numerical simulations.
However, the aforementioned solid transport models ignore the miscibility of the slurry 
with groundwater. Shadizadeh et al. (2011) used the power law relationship to characterize the 
rheology of slurry, but did not take the particle settlement into consideration. In general, the 
Bingham fluid model and power law fluid model are the two most common rheological models 
to represent the drilling fluid. The Bingham model is more suitable for describing plastic fluid, 
such as slurry with high clay content, like water-based drilling fluid. This type of slurry remains 
in a state of flocculation at low stresses, while flowing as a viscous fluid at high stress with a 





is suitable for pseudoplastic fluid, such as macromolecular compound slurries and emulsion 
flows. Pseudoplastic fluid is driven to flow under tiny stresses, and its viscosity decreases under 
shear strain. The power law model generally underestimates the flow pressure drop for annular 
injection, while the Bingham model tends to overrate it (Mukherjee et al., 2017). Besides, the 
Herschel-Bulkley model, Robertson-Stiff model, and Casson model have also been used to 
characterize fluid rheology. Although these models may more accurately describe the slurry, 
they are not capable of modeling other rheological properties of slurry, including two-phase 
flow of a water-slurry mixture and the precipitation-dissolution process. Neither existing 
analytical solutions nor existing commercial software are capable of performing the parameter 
sensitivity analysis and safety evaluation (Hongmei et al., 2008). 
In this paper, a numerical simulation approach was developed to represent the Bingham-
like slurry flow in subsurface systems, using an effective potential gradient to characterize its 
flow behavior (Wu, 1998). The approach developed in this paper was implemented as a module 
of TOUGH2 ( Zhang et al., 2008; Pruess et al., 1999) and discretized the equations of continua 
with the integral finite difference method (Narasimhan & Witherspoon, 1976). An analytical 
solution was developed for numerical model verification, as well as the application of the 
numerical model to simulate a field-scale test. In addition, a hypothetical model was 
constructed to evaluate the sensitivity of engineering parameters like the slurry density, 
injection depth and injection patterns on slurry transport behaviors, storage capacity and the 
formation breakdown time. 
2. Theory and Methodology 
2.1 Physical Processes and Assumptions
SUI technology involves grinding DCW into small particles and blending these particles 
with a fluid (such as seawater, fresh water, drilling mud, or produced water) to form a slurry. 





consists of the blending of mudstone and sandstone drill cuttings, bentonite, fresh water and 
xanthan gum. Injection of this Bingham-like slurry into underground formations is a two-phase 
flow phenomenon, with water and slurry as the aqueous phase and DCW particles as solid 
phase. Once the slurry is first injected into a subsurface system, it will be miscible with 
groundwater. As the slurry injection continues, with the mass fraction of slurry in aqueous 
phase increasing, the aqueous phase gradually turns into a Bingham fluid. The Bingham fluid 
stops flowing when the fluid pressure gradient is lower than the threshold. After a time period, 
the precipitating process can be initiated. The initiation of the particle sediment can change the 
physical properties (e.g., porosity and permeability) of subsurface formations. Once the 
pressure gradient increases beyond a threshold value, the sediment will be stirred up again into 
the slurry, which also leads to a change of the porosity and permeability of subsurface 
formations. Under this flow condition, the solid particle transport is not taken into consideration. 
Therefore, the model does not account for slip velocity between solid and fluid, and the particle 
settlement is treated as the phase conversion of the slurry. Besides, fracture propagation is not 
considered in this paper, which means that the excess formation pressure is only modeled as a 
risk of formation breakdown rather than a force to induce fracture propagation.
2.3 Bingham Fluid Rheology
Bingham fluid performs with rigidity at low stresses, while with viscoplasticity at high 
stresses. Eq. (1) generally describes mud flow or slurry in drilling engineering. The shear rate 
of Bingham fluid increases linearly with shear stress, if the stress is higher than the yield stress.
 (1)𝜏 = 𝜂
𝑑𝜈
𝑑𝑦 + 𝜏0
An effective potential gradient method is employed to characterize Bingham fluid, 
because it is numerically more efficient than describing the apparent viscosity (Wu, 1998). 
Bingham fluid flow follows Darcy’s law, presented as Eq. (2) and Eq. (3) with an effective 





 (2)𝜈 = ―
𝑘𝑘𝑟
𝜇𝑏 ∇𝑃𝑒
(3)𝑃𝑒 = {sgn (𝑃)(|𝑃| ― 𝐺) |𝑃| ≥ 𝐺0 |𝑃| < 𝐺
The minimum potential gradient G is controlled by the yield point of Bingham fluid, 
presented as Eq. (4) (Pascal, 1986), in which α (2.367×10-4 selected in this work) is an 




The yield point is mainly under the influence of additives and the medium density. The 
most commonly used additives for drilling slurry include xanthan gum, ammonium 
polyacrylate, denatured starch, and cellulose derivative, which increase the viscosity and the 
carrying capacity of slurry. In the laboratory experiment investigation for this study, the slurry 
here mainly consists of the blending of mudstone and sandstone drill cuttings, bentonite, fresh 
water and xanthan gum. Our previous  laboratory data show that the relationship between yield 
point and the concentration of xanthan gum (Fig. 1) can be approximated by a linear model: τ0 
= 27.839·cxg+2.338, in which cxg is the concentration of xanthan gum.
Fig. 1 Yield point versus the concentration of xanthan gum/(kg·bbl-1)
3. The implementation of yield approach in TOUGH2 





The numerical approach developed for slurry injection was implemented as a module of 
TOUGH2 (Pruess et al., 1999). The numerical discretization used in the module is the same as 
TOUGH2. Space is discretized by the integral finite difference method, in the integral form of 
the conservation equations (Eq. (1)), which is applicable to regular or irregular discretization 
in one, two, and three dimensions. Time is discretized fully implicitly as a first-order backward 
finite difference to provide stability.
The nonlinear equations are solved simultaneously by using the Newton-Raphson 
iteration procedure. On the basis of the convergence criteria of the iteration process, time step 
is self-adjusting during simulation to speed up simulation times and cut down space storage 
requirements. The robustness and efficiency of the numerical solution technique have been 
tested by TOUGH2, in many simulations from theoretical studies to field applications.
The subsurface fluid flow system contains two components – water and slurry, and two 
phases – aqueous and solid. Water always remains in the aqueous phase, while slurry converts 
between the solid phase and aqueous phase via the precipitation–dissolution process. The solid 
phase is immobile. Fluid advection of each component follows the multiphase Darcy’s law. 
The mass balance equation is described as Eq. (5). Eq. (6) gives the evaluation of mass 
accumulation term. Fluid flux calculation follows Eqs. (7) and (8).  




𝜅 ⋅ 𝒏𝑑𝛤𝑛 + ∫𝑉𝑛𝑞
𝜅𝑑𝑉𝑛
                                                       (6)𝑀𝜅 = 𝜙∑𝛽𝑠𝛽𝜌𝛽𝑋
𝜅
𝛽
.                                                            (7)𝐹𝜅 = ∑𝛽𝐹𝛽𝑋
𝜅
𝛽




3.2 Mixture Fluid Properties
The pore space in the subsurface formation is occupied by aqueous and solid phases. The 
aqueous phase consists of water and slurry while the solid phase consists of the sediment of 





aqueous phase is assumed to be an ideal fluid with additivity, for which the expansivity and 
compressibility of water and slurry are treated to be equal at all temperatures and pressures. In 













where ρw(P0, T0) and ρsly(P0, T0) are the density of water and slurry, respectively, at the 
reference pressure  (P0) and temperature (T0 ).
The viscosity of the water-slurry mixture is estimated by salinity effect with a polynomial 
correction to the water viscosity shown as Eq. (11) and Eq. (12) (Herbert et al., 1988): 
 (11)𝜇𝑚𝑖𝑥(𝑃,𝑇,𝑋𝑠𝑙𝑦) = 𝜇𝑤(𝑃,𝑇)𝑓(𝑋𝑠𝑙𝑦(𝑎𝑞.))
(12)𝑓(𝑋𝑠𝑙𝑦(𝑎𝑞.)) = 1 + 𝑣1𝑋𝑠𝑙𝑦(𝑎𝑞.) + 𝑣2𝑋2𝑠𝑙𝑦(𝑎𝑞.) + 𝑣3𝑋3𝑠𝑙𝑦(𝑎𝑞.)
3.3 Precipitation-Dissolution Model
At low shear stresses (lower than the threshold G), the Bingham mixture remains in a state 
of flocculation, and gradually precipitates after a short period of time. At high shear stresses, 
the sediment will be stirred up again into the slurry, and flows as a viscous fluid. This 
precipitation-dissolution process was considered to be the phase conversion of the slurry. In 
this study, a set of mass conservation equations was used to represent the phase conversion of 
the Bingham mixture, where the ratio of the slurry density and aqueous mass fraction of slurry 
are expressed as a function of the density of water and solid as well as solid saturation (Eq. 
(13)). The solid phase here includes both drill cuttings and additives.
         
(13)𝑀𝑚𝑖𝑥 = 𝑀𝑠 + 𝑀𝑤⇒
𝜌𝑠𝑙𝑦
𝑋𝑠𝑙𝑦(𝑎𝑞.) = 𝜌𝑠𝑆𝑠 + 𝜌𝑤(1 ― 𝑆𝑠)    
In addition, solid particle sediment is considered as the main cause of the mass change of 
the Bingham mixture. Therefore, the mass change rate of the mixture is represented as a 





the density of the Bingham mixture (Eq. (14)), by ignoring the impact of temperature and 
particle size. 
                      
(14)
𝑑𝑀𝑚𝑖𝑥
𝑑𝑡 = ― 𝛾𝑋𝑠𝑙𝑦(𝑎𝑞.)𝜌𝑚𝑖𝑥
The solid particle sediment can reduce the porosity and permeability of the host geological 
formation. Therefore, the change of porosity here is represented by solid saturation. However, 
the impact of solid particle sediment on permeability is rather complex. This is not only because 
it reduces the porosity which can lead to the reduction of permeability, but also because it 
changes the shape of the pore body. For example, the clog in pore throats due to the solid 
particle sediment could result in a big reduction in permeability. The permeability change is, 
therefore, represented by the tubes-in-series model which contains tubes with different radii in 
series (Fig. 2 and Eq. (15)) and permeability was reduced to zero at a finite porosity (Verma & 
Pruess, 1988).  A parallel-plate model with Eq. (18) can be implemented to describe the fracture 
segments of different apertures in series and a straight tubes model with Eq. (19) can be used 
for only straight capillary tubes of uniform radius (Verma & Pruess, 1988). The relative change 




2 1 ― Γ +
Γ 𝜔2
1 ― Γ + Γ[𝜃 (𝜃 + 𝜔 ― 1)]2
(16)𝜃 =
1 - s𝑠 ― 𝜙𝑓
1 - 𝜙𝑓
(17)ω = 1 +
1 Γ
1 𝜙𝑓 ― 1
(a) conceptual model                        (b) tubes-in-series









1 ― 𝛤 +
𝛤
𝜔3
1 ― 𝛤 + 𝛤[𝜃/(𝜃 + 𝜔 ― 1)]3
 (19)
𝑘
𝑘0 = (1 ― 𝑠𝑠)
2
4. Result and Discussion 
4.1 Comparison with analytical solution 
A transient flow model of single-phase Bingham fluid, without accounting for 
precipitation, was developed in this study for the numerical model verification (Eq. (20)). The 
model considers the injection of a single phase of Bingham liquid with a constant pumping 
rate, in an infinite homogeneous and horizontal reservoir with a constant thickness of a 
sandstone formation. The detailed parameter values for the model are listed in Table 1.






]𝑙𝑛 [ 2𝑟𝑟𝑤 + 𝛿(𝑡) ― ( 𝑟𝑟𝑤 + 𝛿(𝑡))2]
In the analytical solution, the wellbore fluid density ρw and pressure penetration distance 
δ(t) are valued by the numerical result. The results of comparing the pressure variation show a 
good match between the numerical model and the analytical solution (Fig. 3 & 4), indicating 
the reliability of the numerical method. 
Table 1 Parameters for transient flow of single-phase Bingham fluid
Parameter Value Parameter Value
Porosity 0.2 Initial density 1226 kg/m3
Permeability 1 Darcy Plastic viscosity 0.021 Pa·s
Wellbore radius 0.1 m Yield point 14.09 lb/100ft2
Initial pressure 107 Pa Minimum potential gradient G 1600 Pa/m
Formation thickness 1 m Coefficient α for G in Eq.8 2.367×10-4





Fig. 3 Comparison of the pressure profiles at r=0.15 m, 15 m, and 150 m for numerical and 
analytical solutions
The analytical verification also suggested that the numerical method could introduce 
uncertainty as a result of the linear yield point model. According to the regression analysis of 
our experiment (Fig. 1), the linear relationship between yield point and the concentration of 
additive (xanthan gum) was not well performed with the goodness of fit R2=71.45%. Besides, 
it could be problematic to determine to what extent the mixture should be treated as Bingham 
fluid. Numerical experiments show that the choice of different criteria, based on the mass 
fraction of slurry in the aqueous phase, makes a small difference in numerical performance. In 
this study, the water-slurry mixture was treated as Bingham fluid, with the mass fraction of 





Fig. 4 Comparison of the pressure at t=1d, 10d, 100d for numerical and analytical solutions 
along the radial distance
4.2 Field test comparison 
A pilot SUI project has been conducted in Live Oak, Texas to dispose of DCW into the 
geological formations at a depth of 2,000 m below ground surface (bgs). The project aimed to 
inject DCW into three sandstone formations, with a total thickness of 144.8 m. These three 
sandstone layers have decreasing permeability and porosity with depth (selected 
hydrogeological properties in Table 2).  The top formation at a depth from 2,122.9 m to 2,139.7 
m bgs has a relatively high permeability and a porosity of 24%. This formation is suitable for 
slurry injection. The middle formation at a depth from 2,162.9 m to 2,201.3 m bgs has fair 
permeability and a porosity of 20%. In this formation, the suitable injection scheme should be 
decided according to injection tests. The bottom formation at a depth from 2,262.2 m to 2,267.7 
m bgs is less permeable and its porosity is only 15%. This formation may only be suitable for 
water injection. These three formations are continuously distributed. A vertical well was drilled 
to penetrate through these three formations.  Due to the leakage risk considerations, only 
middle and bottom formations were perforated for injection, and the top formation was used as 
a buffer zone. Slurrified DCW was intermittently injected into the middle formation at a depth 





A site-scale model was constructed in this study according to the field measured data. The 
model domain covers an area of 9 km × 9 km with a thickness of 300 m with a depth from 
2,000 m to 2,300 m bgs (Fig. 5).  The injection well is located at the center of the model domain. 
The grids at the locations of wellbore, interface between overlying boundary and target aquifer 
have been refined.  The sandstone formations were discretized into seven model layers (Lyr01 
~ Lyr07), which are interlayered by mudstone formations. Only Lyr04 ~ Lyr07 are perforated 
as an injection zone. 
Fig. 5 Model for Texas SUI project
Table 2 Hydrogeologic parameters
Model layer Lithology Permeability/mD Porosity
Lyr01~03 sandstone 243 0.24
Lyr04~06 sandstone 95 0.20
Lyr07 sandstone 40 0.15
aquiclude mudstone 0.01 0.15
As the permeability data of the formations has not been measured. The permeability of 
each sandstone layer was estimated based on an empirical value related to the porosity (shown 
in Ehrenberg & Nadeau, 2005). Hydrostatic pressure was set as initial conditions. The first-
type boundary was applied to four-side boundaries. Top and bottom were assumed to be 
impermeable. In this study, the first 50 days of intermittent injection operation (Table 3) were 





gum). In the simulation, the xanthan gum, treated as part of the slurry component, was 
supplemented by water in order to match the reference slurry density of 1,250 kg·m-3.  










2014/3/30 6:10 9:33 36 804 250
2014/3/31 16:10 18:10 0 0 0
2014/4/1 16:00 17:10 19 50 0
2014/4/2 0:10 6:28 42 1646 367
2014/4/3 8:00 12:05 39 989 280
…… …… …… …… …… ……
2014/5/14 15:15 20:59 25 1329 732
2014/5/15 20:14 23:59 25 1672 230
2014/5/16 09:38 19:37 28 2143 270
2014/5/17 02:33 20:53 22 1004 0
2014/5/18 02:12 23:53 50 1714 932
The results show that the modeled pressure profile, in general, matches the monitoring 
data well (Fig. 6). There are some big deviations between the numerical result and monitoring 
data at around Day 25. This might be as a result of the fracture propagation at this stage of the 
field operation as the numerical approach developed in this study is not capable of modeling 
the mechanical processes of fracture propagation. Anyway, the model reproduces the pressure 

























Fig. 6 Pressure comparison of the monitoring and modeling result
The pressure, slurry, and solid precipitation distribution at day 30 were chosen to 
investigate the performance of numerical simulation of the Texas SUI project. The pressure 
spreads away in Lyr4 and the layers below, within a radius of about 4,000 m. The slurry 
migrates about 30 m away from the injection well after day 30,  and the pressure gradient at 
this point is high enough to ensure that solid particles remain in suspension for  further 
migration along the injection layer, Lyr4. Once the slurry spreads further, the pressure gradient 
decreases and solid particles  begins to precipitate . Thus, the solid precipitation mostly 
accumulates at the front of the slurry plume which is about 200 m away from the wellbore.  
4.3 Impact assessment of geological parameters 
A hypothetical model was constructed to evaluate the sensitivity of engineering 
parameters, where the model contains three sandstone formations and two mudstone aquicludes. 
A radial model was established with the domain of R = 10 km, which was to ensure the 
boundary as the first-type boundary, with a thickness of 60 m from the depth at ~1,900 m bgs 
to  ~ 1,960 m bgs. The model domain was discretized with a grid width from 2 m to 50 m, and 
vertically 22 model layers (Fig. 7).  The middle sandstone formation with four model layers 





model parameter values are listed in Table 4. The reference slurry had the density of 1,250 
kg/m3 and viscosity of 21 mPa·s which contains the gelantinizer (xanthan gum) of 0.422 kg/bbl. 
The slurry precipitation process was assumed to start in an hour once the pressure gradient was 
less than or equivalent to the threshold gradient G, while the dissolution begins when the 
pressure gradient is greater than 2.5 times G. The change of formation permeability due to the 
precipitation-dissolution process was represented by the straight tubes model. In this study, 
sensitivity analysis was conducted to investigate the impact of slurry density, injection depth 
and intermittent injection scheme on underground storage capability. 
.
Fig. 7 Radial-symmetric model
Table 4 Hydrogeologic parameters
Parameter Value Remark
porosity 0.24
sandstone permeability 2.0×10-13m2 kx=ky=10kz
mudstone permeability 1.0×10-17 m2 kx=ky=10kz
breakdown pressure 1.5×P0 P0 is hydrostatic pressure
4.3.1 The Impact of Slurry Density and Injection Volume
Slurry reinjection with different densities between 1,050 and 1,350 kg/m3 was conducted 
to investigate the slurry flow pattern and pressure distribution. The slurry density was defined 





investigated with the same mass of slurry (case a), the same mass/volume s of DCW (b), and 
the same volume of slurry (c) respectively. In each case, the slurrified DCW was continuously 
injected until the formation breakdown or for 10 years. The injection rate for each case is listed 
in Table 5, and other model parameters are the same as those of the reference slurry.
Table 5 Different injection rate cases under unequal slurry density 
Injection Rate/ (kg·s-1)
Slurry Density / 
(kg·m-3)
a
(With the same 
mass of slurry)
b
(With the same mass of 
DCW)
c
(With the same 
volume of slurry)
1050 2.00 8.40 1.68
1100 2.00 4.40 1.76
1150 2.00 3.07 1.84
1200 2.00 2.40 1.92
1250 2.00 2.00 2.00
1300 2.00 1.73 2.08
1350 2.00 1.54 2.16
The formation was assumed to be fractured when pressure buildup exceeded 9.405 MPa 
(a half of the hydrostatic pressure). For reinjecting the same mass of slurry (Fig. 8a) or drill 
cuttings (Fig. 8b), slurry with lower density tends to lead to earlier formation breakdown, while 
it is quite preferable for fracture propagation. However, it makes little difference in pressure 
oscillation for slurry reinjection with the same volume (Fig. 8c). Comparing case (a) and (b) 
with case (c), the injection volume has a more observable impact than slurry density on pressure 
fluctuation of the formation. Larger injection volume leads to a higher pressure increment, and 





to be processed (goes as case b shown in Fig. 8b), the injection scheme with a lower slurry 
density means a larger injection volume of slurry, which would aggravate the difficulty of 




Fig. 8 Simulated maximum pressure increments under different slurry density cases with the 
same mass of slurry (case a), the same mass/volume of drill cuttings (case b) and the same





4.3.2 The Impact of Injection Depth
A deeper injection depth means safer disposal and a less economical project, so the 
suitable injection depth is an important factor for SUI applications. Different injection depth 
schemes (-925 m to -2,425 m) are designed to conduct the analysis. Other model parameters 
are the same as that of the basic slurry model.
Model results show that it only takes 2.41 days for the pressure buildup to reach the 
formation down pressure for the injection depth of 925 m bgs, but more than 10 years at 2,175 
m bgs (Fig. 9). This suggests that shallower injection means less pressure buildup for the 
formation breakdown, which could induce fracture propagation. Induced fracture propagation 
can be favorable for enhancing injectivity. However, fracture propagation can lead to a 
potential risk of leakage. Therefore, slurry injection depth should be carefully designed, 
especially for less permeable formations.
Fig. 9 Simulated maximum pressure increases under different injection depth cases
4.3.3 The Impact of Injection Pattern
The pressure oscillation and slurry precipitation can be significantly impacted by 
intermittent injection. Intermittent injection cases with different shut-in periods were simulated, 
and compared with two continuous injection cases. The injection parameters are listed in Table 





Table 6 Different cases of intermittent injection 










The results show that the pressure distribution, the mass of sediment and the amount of 
slurry injection exhibit periodical change for different intermittent injection cases. The 
formation pressure quickly increases during the injection time and rapidly decreases at the 
beginning of shut-in (Fig. 10). The formation tends to reach breakdown pressure much earlier 
in the intermittent injection cases than the continuous injection cases. This is because most 
particles settle during the shut-in period, while this is not the case during injection periods (Fig. 
11). Short periods of intermittent reinjection lead to an earlier formation breakdown, which 
may be favorable for fracturing reinjection.





Fig. 11 Simulated mass of the particle sediment under different intermittent injection cases
5. Conclusion
Drilling cuttings waste can be disposed of underground through slurry injection. 
Numerical simulation offers a useful tool to quantify the complex processes of the slurry flow 
in subsurface geological formations. We have successfully developed a numerical modeling 
method for the simulation of the slurry injection processes. In this study, the numerical method 
treated the slurry as a Bingham-like liquid, by incorporating the yield approach for 
representation of the shear stress to initiate the slurry flow. A linear relationship between the 
yield point and concentration of the gelatinizer (xanthan gum) in slurry was used based on our 
previous experimental data.  Besides, the precipitation-dissolution process of the Bingham 
water-slurry mixture, and the impact of this process on formation permeability and porosity 
were taken into full consideration in the new numerical model. 
The numerical model was verified with an analytical solution of a transient flow of single-
phase Bingham fluid in a homogeneous geological formation, without the consideration of 
precipitation of the solid particles. Furthermore, the numerical model was applied to simulate 
a field application of the SUI injection in Texas. The results confirmed that the model is capable 
of modeling the complex slurry flow processes including the precipitation-dissolution process 
in the multi-layered geological settings. Sensitivity analysis was conducted of the impact of the 





idealized hypothetical case. The model suggested that the injection volume has a more 
observable impact than slurry density on pressure fluctuation of the formation. In addition, a 
short period of intermittent reinjection can significantly lead to early formation breakdown.
The developed modeling approach can be used to investigate the slurry transport, storage 
capacity, pressure distribution, and formation breakdown time for slurry underground injection 
project planning and performance evaluation. Engineering parameters should be carefully 
designed to mitigate potential environmental risks of the fracture propagation. Therefore, the 
future development of the modeling capability shall account for the mechanical response along 
with the injection process. In addition, influence of porosity and permeability heterogeneity is 
also required for further study. 
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